The interaction of strong laser fields with matter intrinsically provides powerful tools to image transient dynamics with an extremely high spatiotemporal resolution. In strong-field physics, the initial conditions of this interaction are generally considered a weak perturbation. We investigated strong-field ionisation of laser-aligned molecules and showed, for the first time, that the initial momentum acquired by the photoelectron at birth has a dramatic impact on the overall strong-field dynamics: It sets the clock for the emission of electrons with a given kinetic energy. This result represents a new benchmark for the seminal statements of strong-field physics, highlighting the crucial importance of the initial electron-emission conditions. Our findings have strong impact on the interpretation of self-diffraction experiments, where the photoelectron momentum distribution is used to retrieve molecular structures. Furthermore, the resulting encoding of the time-energy relation in molecular-frame photoelectron distributions provides a new way of probing the molecular potential with sub-femtosecond resolution and accessing a deeper understanding of electron tunnelling.
The interaction of strong laser fields with matter intrinsically provides powerful tools to image transient dynamics with an extremely high spatiotemporal resolution. In strong-field physics, the initial conditions of this interaction are generally considered a weak perturbation. We investigated strong-field ionisation of laser-aligned molecules and showed, for the first time, that the initial momentum acquired by the photoelectron at birth has a dramatic impact on the overall strong-field dynamics: It sets the clock for the emission of electrons with a given kinetic energy. This result represents a new benchmark for the seminal statements of strong-field physics, highlighting the crucial importance of the initial electron-emission conditions. Our findings have strong impact on the interpretation of self-diffraction experiments, where the photoelectron momentum distribution is used to retrieve molecular structures. Furthermore, the resulting encoding of the time-energy relation in molecular-frame photoelectron distributions provides a new way of probing the molecular potential with sub-femtosecond resolution and accessing a deeper understanding of electron tunnelling.
In the prototypical strong-field interaction, an intense driving field extracts a valence electron from the target through tunnel ionisation, drives the free electron in vacuum, and eventually streaks it back to the parent ion, predominantly resulting in rescattering or radiative recombination [1, 2] . The radiative recombination results in the emission of high-energy photons via highharmonic generation (HHG) [1] and this is a powerful tool to investigate the molecular potential with attosecond temporal resolution [3] [4] [5] . Alternatively, the rescattered portion of this electron wave packet is exploited in laser-induced electron diffraction (LIED) [6] experiments as a coherent diffraction pattern of the molecular target, potentially providing time-dependent images of the molecule at sub-femtosecond and few-picometer resolution. Recently, corresponding experimental results for the structure or dynamics of small molecules were obtained [7] [8] [9] [10] . At the same time, the initial conditions of the strong-field interaction have attracted much attention to capture the intrinsic nature of strong-field physics. While pioneering attosecond experiments and molecular-frame measurements revealed non-trivial spatiotemporal features in electron tunneling [11, 12] , these initial conditions are still generally considered a weak perturbation in strong-field physics. All the results obtained in LIED experiments, for example, are interpreted in the framework of the strong-field approximation, where the electron is considered to be born in the continuum with a negligible initial momentum and to propagate as a plane wave [13] . Within this approach, the diffraction pattern can be analysed utilising the angular [7, 8] or radial [14] photoelectron distribution. However, the relevance of the ionised molecular orbital in the rescattered photoelectrons is still under discussion. So far, this was included by an overall weighting factor in the rescattering probability [15, 16] , or as a spatial phase or an angular feature in the rescattering electron wavepacket [12, 17] . Recently, the influence of molecular alignment on molecular structure retrieval was discussed [14, 18] . However, general predictions are still extremely challenging with more models appearing [19, 20] .
Here, we experimentally and computationally studied molecular-frame photoelectron spectroscopy from strongly aligned molecules in order to investigate the relation between the molecular frame and the strong-field-induced ultrafast electron dynamics. We demonstrated that the initial momentum acquired by the electron in the molecular frame sets a precise time-energy relation for the electron dynamics. Fig. 1 depicts the experiment. An ultracold ensemble of carbonyl sulfide (OCS) molecules [21] was adiabatically aligned in the laboratory frame, with cos 2 θ 2D = 0.9, by using a linearly polarised, 500 ps laser pulse, centered at 800 nm [22] . The molecules were aligned in two different configurations, shown in Fig. 1 , with the molecular axis along the Y and Z axes, named parallel and perpendicular alignment, respectively. A second laser pulse, centered at 1300 nm, with a duration of 65 fs, and a peak intensity of 8 · 10
13 W/cm 2 , was used to singly ionise the OCS molecules. For this intensity the ponderomotive energy of the laser field is U p ≈ 13 eV and the ionisation occurred in the tunneling regime. The ionising laser pulse, E L in Fig. 1 , was linearly polarised along the Y axis. The produced molecular-frame angle-resolved photoelectron spectra (MF-ARPES) were recorded in a velocity map imaging (VMI) spectrometer with its detector parallel to the XY plane. It is important to note that the de Broglie wavelength of rescattering electrons in the experiment was larger than 200 pm. In this regime no diffraction feature is expected to appear in the photoelectron distributions [14] . Fig. 1 shows the MF-ARPES for parallel (left) and perpendicular (right) alignment on a logarithmic scale, in units of electrons/shot/bin. The two distributions show several differences. The spectrum for parallel alignment has a larger width at low transverse momenta, p X < 0.5 a. u. (atomic units), while the spectrum for perpendicular alignment shows a number of angular features for transverse momentum p X between 0.5 a. u. and 1 a. u.. These angular structures, which are much weaker in the spectrum for parallel alignment, could be identified as holographic features [10, 23] . Focusing the attention on large longitudinal momenta p Y , the counts for parallel alignment drop around 2.5 a. u. and disappear before reaching 3 a. u.. In the case of perpendicular alignment, however, the spectrum extends to higher momenta, showing an appreciable amount of counts at p Y = 3 a. u.. The drop of signal at high longitudinal momenta, namely the high energy cutoff, is expected to be dependent only on the strong-field properties [24] . Surprisingly, in the current study we found a clear dependence on the molecular frame.
To properly measure the high energy cutoff for both spectra, the two MF-ARPES were recorded for a large range of p Y . Fig. 2 a shows a close comparison of the two experimental distributions for a range of p Y (and p X ) between 0 and 4 a. u.. Here, the spectra were cut along the Y axis and half of each was reported in Fig. 2 a, with the spectrum from parallel alignment on the left and the one from perpedicular alignment on the right. Now, the differences at low momenta and at the cutoff are even more evident. To perform a quantitative analysis of the cutoffs, the momentum distributions along the longitudinal axis (Y ) were integrated within an angle of ±20
• and converted to an energy scale. In Fig. 2 b the resulting photoelectron spectra are shown for parallel (blue) and perpendicular (red) alignment, with energies in units of U p . The perpendicular/parallel ratio of the two area-normalised spectra (green) shows a predominance of photoelectrons for perpendicular alignment in • , as well as the ratio of the integral-normalised perpendicular and parallel distributions, on logarithmic scales. Energies are reported in units of the ponderomotive energy Up. c,f : First derivatives of the photoelectron-energy distributions to evaluate the high-energy cutoff for the two molecular-alignment cases. All computational results were obtained by averaging over different laser-molecule orientations according to the experimental alignment distributions and by adding a constant to account for the experimental background level, see Appendix .
the energy range between 2 U p and 10 U p , where the distribution is dominated by rescattered electrons [25] . Furthermore, the ratio increases with energy, reaching the maximum around the cutoff. To evaluate the cutoffs, the first derivative of the energy distributions are shown in Fig. 2 c and their minima were used to find the edges of the distributions, which allowed us to analyse the cutoff region. The first minima, for both alignment cases around 2 U p , represents the cutoff of direct electrons [25] . Surprisingly, the second minimum behaves differently for the two alignments. While it is located around 10 U p for perpendicular alignment, as expected from the well established above-threshold ionisation theory [24] , the cutoff is shifted down to a value around 8.5 U p for parallel alignment.
To unravel the experimental observations, state-of-theart calculations were performed using time-dependent density-functional theory (TDDFT) [26] . The MF-ARPES probability was calculated by simulating the complete dynamics of the many-body ionisation process in real-time and real-space with the tSURFF method [27, 28] . With this technique the spectrum was obtained by computing the entire time-dependent electron dynamics, including many-body electron interactions, and collecting The corresponding ionisation probability is Pi(t0). For the same t0, the corresponding trajectory affected by the phase term ∆p0 leads to a final energy around 8 Up (solid blue curve). For a ionisation time t1 the phase shift is compensated and a trajectory following the reference trajectory from t1 on is retrieved (solid light blue curve). the flux of electrons through a closed surface surrounding the molecule. Fig. 2 d,e,f report the same analysis of the numerical results as performed for the experimental data in Fig. 2 a,b ,c. The simulations capture the principal features of experimental data very well. In particular, Fig. 2 f shows that the calculations reproduce the experimental cutoff positions for parallel and perpendicular alignment as well as the corresponding shift between them very well. This result is strongly affected by the electron-electron interaction and the interplay between different orbitals, see Appendix .
Building upon the very good agreement of the independent results obtained from experiment and computation, we demonstrated that a weak perturbation of the initial momentum acquired by the photoelectron during ionisation has a crucial effect in the overall electron dynamics and in the final kinetic energy. To have a more comprehensive picture of this initial momentum, we performed a differential analysis by subtracting the two distributions from each other. In Fig. 3 a,b the relative normalised differences, parallel minus perpendicular, are reported for the experiment and the simulation, respectively. A strong depletion along the vertical axis and two transversely offset broad lines of positive yield appear as main features in Fig. 3 a, b , with a really good agreement between experimental and computational results. The depletion along the centerline is due to the node along the molecular axis of the degenerate Π highest occupied molecular orbital (HOMO) of OCS; it represents a forbidden direction of electron ejection [15, 29] . Since 85 % of the HOMO electron density is localised on the CS part [29] , the node perpendicular to the molecular axis is not a symmetry element and electrons can be ejected perpendicularly to the molecule. Therefore, when the molecular axis was aligned along the polarisation axis of the strong field, the electron preferentially acquired an initial transverse momentum p 0X that was much larger than in the case of perpendicular alignment, shown by the red vertical ridges in Fig. 3 a,b . Thus, the electron trajectory was driven away from the parent ion and the probability of rescattering was lower [15] . This explains the reduced overall signal strength of rescattered electrons for parallel alignment in Fig. 2 b,d . Here, the node and the transverse momentum were captured with unprecedented resolution. In particular, the most probable value of ∆p 0X , the difference of p 0X between parallel and perpendicular alignment, could easily be retrieved by integrating the differential distribution along the Y axis, depicted by the dashed line in Fig. 3 a,b , and taking its maximum. We obtained ∆p 0X = 0.19 ± 0.1 a. u.; simulations are in excellent agreement with ∆p 0X = 0.185 a. u.. For parallel alignment, we assume that p 0X p 0Y due to the node along the Y axis [15] . When the molecule is rotated to perpendicular alignment the total initial momentum is conserved, but the situation is inverted. Now the node is along the X axis and p 0X p 0Y . For this reason, an observed ∆p 0X > 0 between parallel and perpendicular alignment corresponds to a ∆p 0Y < 0. In particular, from the previous assumption we have |∆p 0X | ≈ |∆p 0Y | ≡ ∆p 0 , see Appendix , with ∆p 2 0 /2 ≈ 0.03 U p . This initial momentum at the time of ionisation is usually neglected in the framework of the strong field approximation [17, 30] . We developed a revised version of the classical equation of motion used to describe strong-field processes [24] , where we took into account also the initial momentum distribution. We considered the photoelectron momentum for perpendicular alignment as the reference case, see Appendix for the derivation of the equation. As a consequence, the trajectory of the photoelectron now depends on the molecular frame and the equation for the kinetic energy of backscattered electrons [13, eq. 7] for parallel alignment can now be written as:
with the amplitude of the strong laser field E 0 , the angular frequency of the laser field w, the time of ionisation t 0 , and the time of rescattering t r , where t r is also a function of t 0 and ∆p 0 , see Appendix . i. e., ∆p 0 = 0, the cutoff is maximised to 10 U p when the molecule is photoionized around t 0 = 180 as after the maximum of the laser field [13] , red solid line in Fig. 3 c. In this case the electron travels for ∼3 fs before recolliding with the parent ion. When the same ionisation time t 0 is considered for parallel alignment, with ∆p 0 = 0.19 a. u., we obtain a cutoff of around 8 U p , blue solid line in Fig. 3 c. These cutoff energies are in very good agreement with the experimental observations. It is important to note that a later ionisation time, t 1 = 280 as, allows the electron to reach a final kinetic energy around 10 U p for the parallel alignment, light blue solid line in Fig. 3 c, but with a lower yield due to the later ionisation. In particular, the ionisation probability is now P i (t 1 ) 0.5 P i (t 0 ), calculated by tunnelling theory [13, 29] . Furthermore, the electron born at t 1 travels for ∼ 2.85 fs before recolliding with the molecule, 150 as less than the electron born at t 0 . The time spent by the photoelectron before rescattering is usually exploited as the elementary delay step for timeresolved self-diffraction experiments and it is considered to depend only on the laser wavelength [7] . Our results demonstrate that this observable is actually dependent on the molecular-frame alignment.
Within this new framework, it becomes clear that it is the molecular frame that defines the initial conditions of the electron motion in the strong laser field and this plays a major role in the photoelectron dynamics. Fig. 4 displays a sketch of the process in the XY plane, i. e., the detector view. For a given time of ionisation, different alignments of the molecular frame with respect to the laser polarisation induce a small perturbation ∆p 0 in the inital momentum of the electron. This small perturbation behaves as a phase in the dynamics of the photoelectron in the strong field and it has a major impact on its final kinetic energy. For example, if the molecule is photoionised at t 0 , the perpendicular alignment mostly supports high energy electrons, while the parallel alignment favours the emission at lower energy. For a later ionisation time t 1 the process is inverted and the parallel alignment favours high energy electrons, while the perpendicular alignment tends to produce slower electrons.
We demonstrated that the basic physics of molecularframe strong-field ionisation is captured by considering the weak initial momentum in the dynamics of the ionised electron. This result has important impact on the seminal statements of strong-field physics. It represents an important benchmark for any self-diffraction measurement, where the fastest rescattered electrons are used to probe the structure of a molecule and the highest kinetic energy defines the spatial resolution of the structure retrieval. Our finding represents a complete breakdown of the plane wave representation usually exploited in LIED experiments [13] and points out the molecular-frame conditions as a crucial ingredient of self-diffraction experiments. This new framework is general and can be extended to a large class of molecular systems, where single ionisation from the HOMO orbital can occur and information about the initial momentum can be obtained. Furthermore, it is evident that the initial momentum sets a clock for the emission and dynamics of high-energy electrons. It highlights that the molecular frame defines the relation between the photoelectron energy and the rescattering time on a sub-fs time scale. This finding redefines the delay step of time-resolved self-diffraction experiments and opens up a new perspective on time-resolved diffraction experiments with sub-fs temporal resolution. In addition, the earliest moments of a strong-field interaction are intrinsically imprinted in the initial momentum of the electron. Thus, molecular-frame strong-field-ionisation experiments, in principle, allow one to achieve a deeper understanding of electron tunnelling, for instance, regarding the tunnelling time, on the attosecond timescale. Numerical simulations of the full LIED dynamics have been performed from first-principles within the timedependent density functional (TDDFT) [26] framework as implemented in the real-space real-time Octopus code [31] . In TDDFT, the dynamics of an interacting many-electron system is casted into the manageable problem of a fictitious non-interacting system under the effect of a timedependent potential such that the non-interacting and the interacting systems have the same time-dependent density.
Since core electrons are expected to play marginal role in the experiment we consider only valence electrons and account for inner-shell electrons by the effect of normconserving Trouiller-Martins pseudopotentials. To obtain a good description of ionisation, we employed a local density approximation (LDA) functional with the average density self-interaction correction (ADSIC) [32] , which corrects the asymptotic decay and provides a first ionisation energy of 11.65 eV, in good agreement with the literature [33] . During the simulations the nuclei are held fixed in the equilibrium positions, r C-S = 156.1 pm and r C-O = 115.6 pm.
The TDDFT equations are discretized in real-space with a cartesian grid of spacing 0.4 a. u. with a cylindrical shape of radius 50 a. u. and length 260 a. u. aligned along the laser polarisation direction. The solution of the electrons dynamics is obtained by using a discretized real-time evolution with a time step of 0.08 a. u.. The calculations are performed with a 30 fs laser pulse with the same profile as in the experiment. Complex absorbing boundaries of varying thicknesses, 40 a. u. from the caps of the cylinder and 10 a. u. on the radial borders, are placed at the edges of the simulation box to prevents spurious reflections [34] .
The photoelectron spectrum is calculated by collecting the flux of the photoionisation current trough a spherical surface of radius 40 a. u. with the tSURFF method [27, 28] . This approach gives access to the momentum resolved photoelectron probability I(p) from which, by integrating along the direction perpendicular to the detector, it is possible to obtain the angular distribution of the experiment: I(p X , p Y ) = dp Z I(p).
The indetermination of the molecular alignment in the laboratory frame is accounted for by sampling the relative angle θ between the laser polarisation and the molecular axis from 0
• to 90 • in steps of 10
• . This procedure requires a separate simulation for each θ. The photoelectron spectra for a given configuration (parallel or perpendicular) are obtained by averaging the photoelectron distributions I θ (p) with weights
, and cos 2 θ 2D = 0.9. Furthermore, to account for the rotation of the molecule about the polarisation axis we impose cylindrical symmetry of the photoelectron distribution about Y by averaging over φ:Ī φ (p) = (2π)
) with the operator R φ of rotation in the X, Z plane.
The final spectrum is obtained as follows:
To account for experimental-background in the simulations, a constant offset of 2 × 10 −8 was added to the energy distributions. We point out that the background correction shifts the numerically obtained cutoffs to lower energy, but does not effect the general behaviour nor the difference of the cutoffs between the parallel and perpendicular configurations.
From the numerical simulations the crucial role of the usually neglected electron-electron interaction for correctly describing the cutoff region in the parallel configuration became evident. The decomposed contributions of the Kohn-Sham HOMO and HOMO-1 orbitals highlight their distinct contributions to two distinct cutoffs, which are strongly separated in intensity. In particular, the faint 10 U p cutoff for the parallel case actually appears to be uniquely determined by the HOMO-1, which does not have a node along the molecular axis, whereas contributions from the HOMO were strongly suppressed by the presence of a node along the molecular axis, i. e., parallel to the laser-polarisation axis. Second, the independent particle simulation obtained by propagating the system with the Hartree, exchange, and correlation potentials frozen, as done by the widely used single-active electron model, presents a qualitatively different picture. In particular the contribution of the HOMO-1 is highly overestimated and for the parallel alignment the 10 U p cutoff is restored, in clear contradiction with the experiment. These results also confirm the importance of the coherent interaction between different orbitals in strong-field ionisation [35] .
Modified three-step model
We define p 0 = p(t 0 ) 2 as the most probable value of the momentum distribution at the ionisation time t 0 , see Fig. 4 . We define the quantities as p ⊥ 0 and p 0 for perpendicular and parallel alignment, i. e., the molecular axis perpendicular and parallel to Y , respectively, and obtain
Experimentally, p 0,X > p In a laser field E L (t) = E 0 cos wtŶ with the angular frequency w, the equation of motion for an electron along theŶ axis (in atomic units) is: a Y (t) = a(t) = −E 0 cos wt (4)
Integrating (4) 
With the vector potential of the external field A this can be rewritten as
(5) and (6) show that the initial momentum distribution contributes to the dynamics of the electron along the polarisation axis of the external field. In particular, different orientations of the ionised molecular orbital with respect to the polarisation axis result in electron trajectories launched into the continuum with a different initial phase.
To demonstrate this, we consider the electron momentum for perpendicular alignment as the reference case: 
We expect the photoelectron to reach the maximum kinetic energy when the ionisation occurs shortly after a maximum of the electric field E L (t) [13] . Without loss of generality, we further consider E L (t) > 0. Thus A(t 0 ) < 0 and |A(t 0 )| > |A (t 0 )|, i. e., the vector potential at the time of ionisation is smaller when ∆p 0 = 0. Integrating (7) yields the electron trajectory x ⊥ (t) = E 0 w 2 (cos wt − cos wt 0 ) + E 0 w sin wt 0 (t − t 0 )
x (t) = E 0 w 2 (cos wt − cos wt 0 )
+ ( E 0 w sin wt 0 − ∆p 0 )(t − t 0 )
The right side of (8) consists of, first, an oscillatory term and, second, a drift term that depends on the value of A(t 0 ). In this case the term ∆p 0 works as a phase shift in the electron trajectory, as depicted by the blue and red trajectories in Fig. 3 .
For later ionisation times |A(t 1 )| > |A(t 0 )| there exists a t 1 (t 0 , ∆p 0 ) for which: |A (t 1 )| = |A(t 1 ) + ∆p 0 | = |A(t 0 )|
For this ionisation time t 1 the phase shift is compensated and a trajectory following the reference trajectory from t 1 on is retrieved, shown as solid light-blue line in Fig. 3 c. However, the laser field is weaker, |E L (t 1 )| < |E L (t 0 )| and, therefore, the ionisation probability P i is reduced, P i (t 1 ) P i (t 0 ), which results in the lower-energy cutoff in the photoelectron spectrum.
